Hemodynamic shear stress alters the architecture and functions of vascular endothelial cells. We have previously shown that the synthesis of endothelin-1 (ET-1 ) in endothelial cells is increased by exposure to shear stress. Here we examined whether shear stress-induced alterations in cytoskeletal structures are responsible for increases in ET-1 synthesis in cultured porcine aortic endothelial cells. Exposure of endothelial cells to 5 dyn/cm2 of low shear stress rapidly increased monomeric G-actin contents within 5 min without changing total actin contents. The ratio of G-to total actin, 54±0.8% in quiescent endothelial cells, increased to 87±4.2% at 6 h and then decreased. Following the disruption of filamentous (F)-actin into G-actin, ET-1 mRNA levels in endothelial cells also increased within 30 min and reached a peak at 6 h. The F-actin stabilizer, phalloidin, abolished shear stress-induced increases in ET-1 mRNA; however, it failed to inhibit increases in ET-1 mRNA secondary to other stimulants. This indicates that shear stress-induced increases in ET-1 mRNA levels may be mediated by the disruption of actin fibers. Furthermore, increases in ET-1 gene expression can be induced by actin-disrupting agents, cytochalasin B and D. Another cytoskeleton-disrupting agent, colchicine, which inhibits dimerization of tubulin, did not affect the basal level of ET-1 mRNA. However, colchicine completely inhibited shear stress-and cytochalasin B-induced increases in ET-1 mRNA levels. These results suggest that shear stress-induced ET-1 gene expression in endothelial cells is mediated by the disruption of actin cytoskeleton and this induction is dependent on the integrity of microtubules. (J. Clin. Invest. 1993. 
Introduction
Vascular endothelial cells form a continuous monolayer covering the luminal surface of the vascular system and mediate various signals brought by blood flow to underlying tissues including smooth muscle. Hemodynamic shear stress arising from blood flow is one ofthe major factors that affects endothelial morphology and function. Shear stress alters the shape of endothelial cells and aligns them in the direction of flow in Address reprint requests to Hiroki Kurihara, The Third Department of Internal Medicine, Faculty of Medicine, University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo, 113, Japan.
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vitro ( 1 ) and in vivo (2, 3) . Many studies characterizing cytoskeleton have revealed that endothelial cells reorganize actin filaments (microfilaments) into stress fibers, thick actin filament bundles containing myosin, tropomyosin, and a-actinin, under shear stress (4) (5) (6) (7) (8) . These structural changes are postulated to play a role in endothelial adhesion and integrity against damage imposed by shear stress (8, 9) .
In addition to these cytoskeletal changes, shear stress influences various functions of endothelial cells. For instance, an increase in flow enhances the release of vasodilators such as endothelium-derived relaxing factor or nitric oxide (NO) (10, 11) and prostacyclin ( 12, 13 ) from endothelial cells. In our previous study, we recognized that the production of endothelin-1 (ET-1 ), 1 a potent vasoconstrictor peptide in endothelial cells, is also enhanced at the level of gene expression by shear stress ( 14) . Thus, the production of both vasodilators and vasoconstrictor(s) in vascular endothelial cells is regulated in response to shear stress and may contribute to flow-induced and endothelium-dependent control oflocal vascular tonus in vivo.
The intracellular mechanism by which shear stress induces ET-1 gene expression in ET-1 gene expression remains unknown. Recently, it has been reported that changes in the cytoskeleton is closely associated with some specific gene expression ( 15, 16 ). So we hypothesized that cytoskeletal changes may be responsible for ET-1 gene expression in endothelial cells induced by shear stress. To test this hypothesis, we examined changes in actin cytoskeleton as well as ET-1 mRNA and peptide levels under shear stress in cultured endothelial cells and tested the effects of agents altering cytoskeletal structures on shear stress-induced ET-I gene expression and ET-1 peptide production. Here we present evidence that the disruption of actin cytoskeleton mediates shear stress-induced ET-1 gene expression. In addition, we demonstrate that microtubules may be also involved in this signal transduction pathway.
Methods
Materials. All culture reagents were obtained from Gibco Laboratories (Grand Island, NY). Phalloidin, cytochalasin B, colchicine, calf thymus DNA (type 1), DNase (type 4), and bovine muscle actin were purchased from Sigma Chemical Co. (St. Louis, MO.) [a-32P]dCTP was from Amersham International (Buckinghamshire, UK). All other chemicals were purchased from commercial sources.
Cell Culture. Endothelial cells were isolated from adult porcine thoracic aortas and cultured in DME supplemented with 10% FBS and standard amounts of penicillin/ streptomycin. Cells were incubated at 370C in a humidified atmosphere of 5% C02/95% air. The preparation was characterized by the typical "cobblestone" appearance and staining for Factor VIII antigen. For all experiments, confluent monolayers between 5 and 10 passages were grown in 28.3-cm2 culture dishes. 24 h before experiments, cells were washed twice with PBS and maintained in 3.0 ml of serum-free DME.
Shear stress apparatus. We used the shear stress-producing coneplate apparatus described by Dewey et al. (1) with some modification. Originally, a stainless steel cone 156 mm in diameter was placed just above multiple test specimens on a base plate. Each specimen was comprised of a small glass coverslip 12 mm in diameter onto which endothelial cells had been grown. Rotation of the cone forced the culture medium between the cone and plate to flow azimuthally and produced shear stress on the specimens. To avoid the effects ofedge flow at the rim of cone and to apply shear stress to a larger amount of cells we inserted a cone 54 mm in diameter directly into a 28.3-cm2 culture dish (60 mm in diameter). The whole apparatus was placed in an ordinary CO2 incubator at 370C in 5% C02/95% air. The cone was rotated at 80 rpm and the calculated shear stress was about 5 dyn/cm2 (17) . To confirm the existence oflaminar flow on the culture plate, we observed the phenomenon of cell alignment after 24 h.
Measurement ofG-actin contents. Monomeric G-actin contents of endothelial cells were determined by the DNase inhibition assay developed by Blikstad et al. ( 18) with some modifications by Hinshaw et al. ( 19) . 80 gug/ml calfthymus DNA was dissolved in 0.1 M Tris-HCl (pH 7.5), 4 mM MgSO4, and 1.8 mM CaCl2, and filtered. 10 mg/ ml DNase I was stocked in 0.125 M Tris-HC1 (pH 7.5), 5 mM MgCI2, 2 mM CaC12, 1 mM NaN3, and 0.1 mM PMSF. Working solutions were prepared by 100-fold dilution in 20 mM imidazole (pH 7.5), 30 mM NaCl, and 15% glycerol. Cells were lysed in 500 ,l HBSS containing 1% Triton X-100, 2 mM MgCl2, 2 mM EGTA, 0.2 mM ATP, and 0.5 mM PMSF. G-actin contents were determined by mixing 5 /A cell lysate and 5 ,d DNase solution to 1.5 ml DNA solution followed by time-scanning absorbance at 260 nm. For measurements oftotal actin, 10 gl ofguanidine solution (a solution containing 1.5 M guanidine HCl, 1 M NaCH3 C02, 1 mM CaCI2, 1 mM ATP, and Tris-HCl, pH 7.5) was added to each reaction mixture to dissociate filamentous (F)-actin. A standard curve was obtained by plotting absorbance at 260 nm at 120 s after addition of0. [1] [2] [3] [4] ,ug bovine muscle actin. G-and total actin levels were standardized by total cellular protein determined by the BCA protein assay (Pierce Chemical Co., Rockford, IL). Data were expressed as G-actin as a percentage of total actin.
Northern blot analysis. Total cellular RNA was extracted by the LiCl-urea technique (20) from endothelial cells and quantitated by measuring absorbance at 260 nm. RNA samples (5 ,g) were heat denatured in formamide, electrophoresed through 1.2% agarose/formaldehyde gels, and transferred to nylon membranes (Hybond N; Amersham) by standard procedures (21) . As a probe, we excised 0.8 kb HindIII-HindIII DNA fragment from porcine ET-1 cDNA clone ppET4 (22 ELISA. Immunoreactive ET-l (irET-l ) levels in conditioned media were determined by specific "sandwich" ELISA as described (23). Two monoclonal antibodies, lC0 and 8H10, which recognized NH2-and COOH-terminal sequence of ET-1 respectively, were used for establishment of this assay. The cross-reactivities of ET-2, ET-3, and big ET-l were 100, 1, and 0%, respectively. The sensitivity of irET-l measurement was 2.5 fmol/well and the 50% intercept was We also studied the influence of shear stress on the expression of ET-I gene and the production of ET-1 peptide in endothelial cells. Fig. 2 demonstrates that exposure of endothelial cells to shear stress resulted in an increase in ET-1 mRNA levels (A) and in ET-1 release into culture media (B). The time course of shear stress-induced ET-1 gene expression showed that ET-1 mRNA started to increase within 30 min following the disruption of actin filaments and reached to the maximal levels 6 h after exposure to shear stress. ET-1 mRNA levels under shear stress declined to the basal level during the subsequent 12-24 h ( 14) . To compare the time courses of G-actin depolymerization and ET-l mRNA induction by shear stress, we plotted their levels in the same diagram. As shown in Fig. 2 C, the onset of shear stress-induced ET- 1 (Fig. 2 A) . The (Fig.1) . Phalloidin at the same dose completely inhibited the increase in ET-1 mRNA levels by shear stress (Fig. 3 A). Shear stress-induced increase in ET-1 levels in culture media was also blocked (Fig. 3 B) . The dose responses of the inhibitory effects of phalloidin on shear stress-induced ET-1 gene expression and increase in G-actin contents were quite similar (Fig. 3 C) . These doses used were not toxic to endothelial cells as indicated by no increased lactic dehydrogenase release (data not shown). Furthermore, ET-1 gene expression induced by Ca2" ionophore A23 187, phorbol ester 12-0-tetradecanoylphorbol-3-acetate (TPA), and TGF-f3 was not inhibited by phalloidin (Fig. 4) , indicating that the inhibitory effect of phalloidin on shear stress-induced ET-1 gene expression was a specific phenomenon. These results suggest that actin fiber disruption is closely associated with an increase in ET-1 gene expression under shear stress.
Induction ofET-I gene expression by actin depolymerizing agents. To clarify the coupling of actin fiber disruption with ET-1 mRNA induction, we assessed the effect of cytochalasin B, an agent that binds to the end of a growing microfilament causing inhibition of the polymerization of actin, on ET-I production in endothelial cells. First, we examined the effect of cytochalasin B on G-actin contents at various doses. As shown in Fig. 5 , cytochalasin B increased G-actin content in a dosedependent manner, and the response of G-actin to the dose of1 X 10-6 M mimicked that to 5 dyne/cm2 of shear stress before 6 h (Fig. 1) (Fig. 6, A and B) . The kinetics of cytochalasin B-induced ET-1 gene expression resembled that of shear stress-induced expression before 6 h. The dose response of cytochalasin B-induced ET-1 gene expression also resembled that of cytochalasin B-induced increase in G-actin contents (Fig. 6  C) . Another (Fig. 6, A and B) . The dose response of the inhibitory effect of phalloidin on cytochalasin B-induced ET-1 gene expression was comparable with that on G-actin levels (Fig. 7) , suggesting that these effects of cytochalasins were indeed mediated by actin fiber disruption. Taking these observations together, we can postulate that disruption of actin microfilaments mediates the signal from mechanical shear stress to ET-1 gene expression.
Inhibition ofshear stress-and cytochalasin B-induced ET-1 gene expression by colchicine. We investigated the possible involvement of microtubules, another major component ofcytoskeleton, in the regulation of ET-1 gene expression. We treated endothelial cells with colchicine, a microtubuledisrupting agent that binds to a-f3 tubulin dimers and inhibits the polymerization ofmicrotubules, and exposed them to shear stress or cytochalasin B. As shown in Fig. 8 , treatment with colchicine did not affect the basal levels of ET-1 gene expression. However, colchicine completely abolished both shear stress-and cytochalasin B-induced ET-1 gene expression in endothelial cells (Fig. 8 A) and release of ET-1 into culture media (Fig. 8 B) . TGF-f3-induced ET-1 gene expression was not affected by colchicine (data not shown), suggesting that inhibition ofshear stress-induced ET-I gene expression by colchicine was not due to a nonspecific effect. 
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tion of ET-1 mRNA; and (e) disruption of microtubules by colchicine completely inhibited shear stress-induced and cytochalasin B-induced ET-1 gene expression. It is also noteworthy that the dose responses ofthe effects ofphalloidin and cytochalasins on ET-1 gene expression were quite similar to those on G-actin contents in endothelial cells. In addition, the doses of phalloidin and cytochalasins used in this study are not more than those used in the previous literatures ( 15, 24) . The parallelism between G-actin contents and ET-I mRNA levels and the relevant doses of these agents argue against the possibility that the effects of phalloidin and cytochalasins were not specific for cytoskeletal changes. These data suggest that shear stress induces ET-1 gene expression via alterations in actin cytoskeletal changes in cultured endothelial cells and this pathway is dependent on the integrity of microtubules.
The shear stress-induced increase in G-actin in endothelial cells seems due to a shift of the equilibrial state between F-and G-actin in favor of G-actin rather than an increase in de novo actin synthesis, because the levels of total actin content and fl-actin mRNA were not changed under exposure to shear stress. It is well known that shear stress causes alterations in the distribution ofactin filaments and its reorganization into stress fibers aligned in the direction offlow in endothelial cells (4) (5) (6) (7) (8) .
The initial event of alterations of actin fiber distribution is characterized by the disappearance of peripheral actin fiber rings and the basal foci of radially arranged filaments (7) . Under low shear stress as in this study, the formation of longitudinal stress fiber appears distinct at about 12 h (reference 7 and our unpublished data). The time course for the alterations of actin fibers corresponds to that for the shear stress-induced increase of G-actin. So, we interpreted that actin fiber disruption into G-actin, which begins within 5 min, triggers alterations in actin fiber distribution.
The most important observation in this study is that the disruption of F-actin not only triggers the redistribution of actin cytoskeleton but also participates in shear stress-induced ET-1 gene expression. In vascular endothelial cells, cytoskeletal structures including actin filaments have been postulated to play a role in maintaining structural integrity and regulating migration, repair, and permeability (25) . This study revealed another possible function of endothelial cytoskeleton; the transduction of flow-induced signals to gene expression. This is the first report suggesting that mechanical stimuli induce specific gene expression via alterations in cytoskeletal structures in mammalian cells.
Recently, several reports have presented evidence that actin cytoskeleton is involved in the regulation ofexpression ofgenes including collagenase, stromelsin (26) , transin (27), and urokinase-type plasminogen activator ( 15). The expression of these genes has been shown to be induced by cytochalasins-induced actin fiber disruption. Interestingly, the gene expression of tissue plasminogen activator, which is coded in the same gene as urokinase-type plasminogen activator, is shown to be induced by shear stress in endothelial cells (28) . Although there is no direct evidence, we can speculate that shear stress-induced expression of both ET-1 and tissue plasminogen activator genes may share common signal transduction pathway(s) mediated by actin fiber disruption.
The mechanisms of actin-mediated ET-1 gene expression remain unknown. One possibility is that ET-1 gene transcription is activated by alterations in nuclear actin cytoskeletal structure. In the process, some actin-binding protein may be involved. For example, cofilin, an actin-depolymerizing protein, binds to G-and F-actin and forms intranuclear actin/coifin rods in response to various stimuli, including heat shock (29) . Shear stress may modulate nuclear actin structure via such actin-binding protein(s) and regulate ET-1 gene transcription. An alternative possibility is that ET-1 mRNA degradation is inhibited by alteration in actin structure. The half-life of ET-1 mRNA is very short (about 15 min), and cycloheximide stabilizes the degradation of ET-1 mRNA (30) . So, some regulatory protein(s) may be involved in the control of ET-1 mRNA degradation and may be one ofthe targets ofthe actinmediated signal transduction pathway.
This study also suggests that microtubules are involved in ET-1 gene expression induced by actin fiber disruption. Recently, Kitazumi et al. ( 31 ) reported that treatment with colchicine and vinblastine, another microtubule-disrupting agents, resulted in inhibition ofthrombin-induced ET-1 release and accumulation of ET-1 in mitochondrial and microsomal fractions in porcine endothelial cells. They concluded that the impairment of microtubules may cause inhibition of ET-1 secretion rather than suppression of ET-1 synthesis. This observation is not inconsistent with ours because the mechanism of shear stress-and thrombin-induced ET-1 gene expression does not seem to be the same. We can expect that the microtubular system is implicated in ET-1 production in at least two aspects, thrombin-induced secretion and actin-mediated gene expression, although the mechanism is not clear in this study.
Several studies have shown that shear stress can cause increases in intracellular Ca 2+ concentration (32) and activation of a K+ current (33) in vascular endothelial cells. Moreover, shear stress activates phosphoinositide turnover possibly via phospholipase C in endothelial cells, resulting in the production of inositol triphosphate and diacylglycerol (34) (35) (36) , and these second messengers trigger the release of Ca2+ from intracellular pools and the activation of protein kinase C, respectively (37) . Recently, Frangos and his colleagues have clearly demonstrated that protein kinase C mediates shear stress-induced platelet-derived growth factor gene expression (38) and ET-1 release (39) in cultured endothelial cells. Thus, it is possible that these rapid changes in endothelial cell metabolism may participate in the pathway of shear stress-induced ET-1 gene expression. In our preliminary study, shear stress-induced ET-1 gene expression was inhibited by staurosporine, an inhibitor of protein kinase C, but cytochalasins-induced ET-1 gene expression was not. Furthermore, the treatment with staurosporine significantly inhibited shear stress-induced actin fiber disruption (our unpublished data), suggesting that protein kinase C may be involved in shear stress-induced ET-1 gene expression, at least partially, at the level upstream to actin fiber disruption.
In contrast to these observations, Sharefkin et al. (40) have reported that exposure ofendothelial cells to higher shear stress (over 20 dyn/cm2 ) results in suppression of ET-I production. Frangos and his colleagues have shown that the production of NO induced by shear stress ( 11 ) suppresses the release of ET-1 via cGMP and have explained the discrepancy on the basis of difference in cGMP production in response to NO in endothelial cells (39) . In addition, difference in actin fiber state in endothelial cells under shear stress may give another explanation. Under high shear stress, endothelial stress fibers appear prominent after as early as 6 h and the duration of G-actin predominance seems to be much shorter than that under low shear stress (7) . Correspondingly, the formation ofendothelial stress fibers is positively correlated to the force of local shear stress in vivo (8) . Considering the observation that actin fiber disruption may mediate ET-1 gene expression, the difference in the kinetics and composition of the actin equilibrial state as well as that in the involvement of NO-induced cGMP increase may explain the discrepancy between the effect oflow and high shear stress on ET-1 gene expression. Recent studies of human atherosclerosis and animal models have provided evidence that atheromatous plaque formation tends to occur where shear stress is reduced (41) . The increased production of ET-1 in endothelial cells in low shear regions may play a role in the genesis and/or progression of intimal thickening through its potent proliferating activity on vascular smooth muscle cells.
